INTRODUCTION
The goal of this paper is to describe risk management as it is being implemented for IXPE during the current NASA project life-cycle phase: Phase B, Preliminary Design and Technology Development. Following the introduction (Section 1), the paper begins with a background discussion of the IXPE mission: the international collaboration, science goals, project overview, and mission operations overview (Section 2) [1] [2] [3] [4] [5] [6] [7] [8] [9] . The background is immediately followed by a discussion of how risk management is implemented within IXPE, including the overall risk strategy approach and roles and responsibilities (Section 3). The bulk of the paper (Section 4) walks step-by-step through the IXPE risk process. The section begins with an overview that describes how risk management is accomplished given that IXPE is an international collaboration, with 3 major partners, one of which is an international contribution. The overview is followed by a walkthrough of the IXPE risk process steps: identification, assessment, response (a.k.a. handling strategy), monitoring, controlling, and reporting. Conclusions are discussed in Section 5.
There are two companion papers on IXPE at this conference. The first is a mission overview [9] ; the second covers the systems engineering approach in use on IXPE [10] .
BACKGROUND
The IXPE Mission is an international collaboration led by NASA MSFC as the Principal Investigator (PI) institution and includes Ball and CU/LASP, as well as the Italian Space Agency (ASI) with IAPS/INAF and INFN as major international partners who make up the IXPE Italian Team (I2T). The goal of IXPE is to expand understanding of highenergy astrophysical processes and sources, in support of NASA's first science objective in Astrophysics: "Discover How the Universe Works," by measuring the polarization of X-rays emitted by cosmic sources. Polarization uniquely probes physical anisotropies-ordered magnetic fields, aspheric matter distributions, or general relativistic (GR) coupling to black-hole spin-that are not otherwise measurable. [1] [2] [3] [4] [5] [6] [7] [8] [9] MSFC is providing the X-ray optics and Science Operations Center (SOC), along with mission management and systems engineering. Ball is responsible for payload Integration and Test (I&T), the Spacecraft (S/C), system I&T, launch, and operations. The Mission Operations Center (MOC) is located at CU/LASP. IAPS/INAF and INFN provide the unique polarization-sensitive gas pixel detectors (GPD) within the detector units (DU) and the Detectors Service Unit (DSU), which includes the payload computer.
IXPE Project Overview
The IXPE Observatory consists of the S/C and payload modules built up in parallel to form the Observatory during system integration and test.
IXPE's payload is a set of three identical X-ray telescopes mounted on a common optical bench and co-aligned with the pointing axis of the S/C. Each telescope operates independently, and is comprised of a 4-m-focal-length X-ray optic called a Mirror Module Assembly (MMA) that focuses X-rays onto a polarization-sensitive GPD within its paired DU. A deployable boom maintains the focal length between the MMAs and DUs. Each DU contains its own electronics, which communicate with the DSU. The DSU bins the science data and interfaces with the S/C. Each DU has a multifunction filter wheel assembly for in-flight calibration checks and source flux attenuation.
The IXPE Observatory is based on the Ball BCP-100 S/C architecture, a low-cost, heritage approach with significant spacecraft capability and flexibility. The BCP-100 design supports the project goal of incorporating a low-risk spacecraft by using flight-proven components, a simple structural design, and significant design and software reuse from prior missions (STPSat-2, STPSat-3, and GPIM) [7] [8] [9] . The modular design allows for concurrent payload and S/C development with a well-defined, clean interface that reduces technical and schedule risk. IXPE is leveraging the flexibility of the BCP-100 architecture to accommodate the IXPE science payload. The IXPE payload is mounted on the S/C top deck. The IXPE Observatory is designed to launch on a Pegasus XL or larger launch vehicle. Figure 1 shows the Observatory stowed in a Pegasus XL fairing and Figure 2 shows the IXPE Observatory on-orbit configuration. 
IXPE Mission Operations Overview
IXPE is designed as a 2-year mission plus 30 days for commissioning with a current launch date of April 2021. IXPE launches to a circular low-Earth orbit at an altitude of 540 km and an inclination of 0 degrees. The payload uses a single science operational mode capturing the X-ray data from the targets. The mission design follows a simple observing paradigm: pointed viewing of known X-ray sources (with known locations in the sky) over multiple orbits (not necessarily consecutive orbits) until the observation is complete. The Observatory communicates with the ASIcontributed Malindi ground station via S-band link. The science team generates and archives IXPE data products in NASA's High Energy Astrophysics Science Archive Research Center (HEASARC) using proven algorithms.
Additional information about IXPE can be found at: https://www.astro.msfc.nasa.gov/ixpe/.
IXPE RISK MANAGEMENT IMPLEMENTATION
The IXPE Project implements a risk management process that includes methodologies for identifying, analyzing, mitigating, monitoring, and tracking risks. As a cost-capped, Class D, fast-paced (Formulation to Launch in ~4 years) mission, these risk management methodologies are focused on providing project management the visibility needed to actively manage risks, and the insight required for robust, cost-based, risk-aware decision making.
The purpose of the risk management process is to minimize the probability and impact of adverse events which threaten project objectives. To be successful, risk management requires that all Project members actively engage in the process and ensure that risks are:
• Continuously identified throughout the Project life cycle
• Systematically analyzed using standardized criteria to determine impact and likelihood
• Appropriately prioritized to ensure the most effective use of Project resources
• Monitored and tracked to maintain an accurate Project risk profile and evaluate the effectiveness of the risk management process and risk-related activities.
These steps ensure the IXPE Project Manager (PM) can factor risk into day-to-day management of the Project and make effective cost-based, risk-aware decisions.
Risk Strategy
IXPE risk management practices are based on NASA's Continuous Risk Management (CRM) processes [11, 12] . The IXPE project risk management process steps encompass risk identification, assessment (analyze), planning, tracking, and control per CRM (Figure 3 ) throughout the project life cycle.
Figure 3. CRM Process
Risks that potentially affect mission performance/technical margins or cost and schedule are tracked as threats to the budget, schedule, and/or mission/technical metrics until resolved, realized, or otherwise dispositioned.
The responsibilities and processes for managing risks associated with IXPE are documented in the IXPE Risk Management Plan (RMP), and is the subject of this paper. The IXPE RMP is implemented within the IXPE Project with full participation from the IXPE partners: MSFC, Ball Aerospace (Ball), and the I2T partners, and is applicable to risks associated with cost, schedule, and performance (technical/mission). Safety risks are incorporated into performance, cost, or schedule as appropriate.
Roles and Responsibilities
The IXPE PM serves as the Chair of the IXPE Risk Management Board (RMB), shown in Table 1 The PM delegates the responsibility of RMB Secretariat to the IXPE Configuration Management (CM) lead; the Secretariat takes the RMB meeting attendance, records minutes, and records actions.
The IXPE project team is responsible for identification and documentation of risks, assessment of identified risks for impacts to their respective areas, supporting the development of mitigation strategies for "Medium" and "High" risks, and reporting on risk mitigation status.
The IXPE RMB provides the forum for discussing project risks and makes decisions regarding the disposition of those risks. RMB members are the individuals established and authorized per the IXPE RMB Charter. The IXPE risk management process is described in the following sections. An overview of the IXPE risk management process is shown in Figure 4 .
Figure 4. IXPE Risk Management Process

Risk Identification
For the IXPE project, "risk" is defined as any scenario that, if/when encountered, may have a negative impact on the project's goals and objectives. Such scenarios may lead to degraded performance with respect to one or more performance measures (e.g., mission failure; inability to meet threshold mission requirements; exceeding mass or power limits, cost overruns, schedule slippage, etc. Risk inputs are actively solicited prior to board meetings; RMB members are responsible for actively soliciting and collecting risks from the IXPE project teams they represent. Identified risks are submitted to the RL via a definitive risk statement (Table 2 ) accompanied by supporting information using a draft input form (Appendix A) and the process described below.
Risk Statement-For all identified risk scenarios (also referred to as "concerns" in this paper), the risk author writes a risk statement using a simple risk statement formula: "Given [CONDITION], there is a possibility that [CONSEQUENCE] ." The risk statement captures the conditions that, if they exist, have the possibility of producing a particular undesired consequence (Table 2) . Risk Identification Criteria-The IXPE team member is responsible for assessing his or her concern against the risk identification criteria (the six questions below). If the team member considers the concern to be a risk, the team member begins development of the risk by submitting a draft risk to the IXPE RL using a draft risk input form (Appendix B) available on the Project's SharePoint site. This is done approximately 1 week before the RMB meets or as determined by the RL with concurrence of the PM. The RL reviews the draft risks and may collaborate with the author of the draft risk and the PSE to jointly determine if it fully meets the criteria of a risk. If it is agreed that the draft risk meets the risk identification criteria, the RL works with the risk author to develop the draft risk for submission to the RMB. Draft risks which do not meet the risk identification criteria may be researched and resubmitted at a later date. If agreement cannot be reached on whether a draft risk meets the risk identification criteria, it may be presented to the RMB for discussion by the full board where, if it is not adopted as a risk, may also be assigned to be researched. This process ensures that Team members concerns are fully understood and assessed. Additionally, all draft risks, even if they have been determined to meet the risk identification criteria by the RL and PSE, are discussed by the full board for assessment before being adopted as a risk. The team member who proposed the draft risk is responsible for presenting valid reasons for why it is a risk and not forward work, a duplicate risk, a problem, etc.
Risk Assessment
Risk Scoring Criteria-All IXPE draft risks, and risks subject to reassessment and ranking, are assigned a probability of occurrence, or likelihood, with associated ranked consequences for cost, schedule, and technical/mission (performance) impacts using the risk ranking criteria in Table  2 (likelihood/impacts/consequences) and Table 3 (mass and power margins). Safety risks are incorporated into cost, schedule, or performance, as appropriate, since IXPE is a non-human rated mission with no significant risks to humans or personal safety requirements. The criteria were developed specifically for IXPE and approved by the RMB for use during the current phase of development (NASA Life-cycle Phase B: Preliminary Design and Technology Development). At the time when the Project passes from one phase to another (Phase B to C, C to D, etc.) the "risk ranking criteria" will be reassessed and impact/consequence rankings will be adjusted proportional to the Project's budget, schedule, and mass/power reserve for that phase. Tables 3 & 4 , IXPE risks are scored in accordance with the following:
Risk Scoring-Using
(1) Determine likelihood scores (1-5) and impact/consequence scores (1-5) using IXPE's risk ranking criteria (Tables 3 & 4) . (2) Calculate the "composite risk score" by multiplying the likelihood by the highest impact/consequence score (composite scores range from a minimum of 1 to a maximum of 25).
(3) Composite scores are mapped to a 5x5 matrix ( Figure 5 ) where, for reporting purposes: Green = "Low" risks, Yellow = "Medium" risks, and Red = "High" risks.
(4) Risks that have a composite score of 9 or above are considered significant by the IXPE RMB (encompasses all red risks and some yellow risks). These significant risks are reported out and up on a monthly basis as "top risks" to management at MSFC, and the GSFC ExPO. Minor effect or no impact; loss of non-critical function; no impact on margins.
Risk Response
Once risks are identified and scored, they must be assigned a risk response, a.k.a. as a handling strategy. The risk author is responsible for proposing a response approach according to Table 5 and developing a response plan with actionable steps, a timeframe for implementation, possible trigger criteria, and planned closure date. The risk author presents this information to the RMB during the monthly meeting; the RMB collaborates and votes on whether the risk is included in the risk register and determines the risk scoring and what risk response will be implemented. If the risk is included in the register, a risk owner is assigned (often the risk author), and as such is responsible for overseeing the implementation of the agreed disposition of the risk.
Table 5. Response Approach Definitions
For risks dispositioned as "Research," the RMB gives direction on what information is to be gathered or assessed to support an additional disposition and the timeframe in which it should occur. The risk owner is responsible for gathering the information unless otherwise directed and reporting back to the RMB according to the agreed upon timeline.
For risks dispositioned as "Watch," the RMB-or if so assigned, the RL, in collaboration with the PSE-identifies triggers (events or timeframes) that will provide early warning of significant changes in the likelihood or consequence of the risk. The risk is then reassessed according to the watch/trigger plan.
For risks dispositioned as "Mitigate," the risk author identifies ways to prevent the risk from occurring or reduce its impact or probability of occurring. Risk mitigations include prototyping, design modifications, additional verification and validation, adding tasks to the project schedule, release of margins, the development of a descope plan, etc. Mitigation steps must be actionable and have defined due dates. A mitigation actionee(s) will be identified and assigned by the board during the RMB meeting, usually the risk author/owner. Risk mitigation activities will be reportable to, and ultimately enacted and directed by, the PM. For risks dispositioned as "Elevate," the PM notifies MSFC management and/or the GSFC ExPO, as required; a risk may be dispositioned as "Elevate" if project resources or authority are insufficient for mitigation.
Risks designated as "Accept" are tracked by the project; liens for cost, schedule, and technical are levied as discussed below and reported up and out to MSFC management and ExPO. Risk accountability is assigned to either the PI or PM per NID 8001-108. For accepted risks related to mission success or safety, the decision is recorded in the risk register and clearly documented on a form in the IXPE CM system. The form contains at least the signature of the Risk Owner referencing the following: the case relied upon to justify the decision, and the assumptions, constraints, evaluation of aggregate risk, and the acceptance criteria on which the decision is based. The form includes the signatures of Technical Authorities (TAs) with their positions. If TAs disagree with the risk acceptance, they elevate the risk acceptance decision up the organizational hierarchy in accordance with the dissenting opinion process (NPD 1000.0).
Risks recommended for "Closure" must be accompanied by credible rationale to support closure. If the mitigation actions have eliminated the risk, the risk is superseded or encompassed by other risks, or the risk is no long considered to be a valid risk, it can be considered for closure. The PM is the final authority on the closure of all project risks.
For risks dispositioned as "Mitigate" which have been mitigated and the likelihood and consequence have been reduced to very low levels, the "residual" risk may be considered for "Acceptance." If the risk is "Accepted" it will follow the protocol for Accepted risks discussed above.
For risks dispositioned as "Research" or "Watch," a weighted cost exposure (i.e. the cost exposure scaled by the midrange probability of the assigned likelihood) is assessed as a threat against project reserves. For risks dispositioned as "Mitigate" which have fully defined mitigation costs accepted by the RMB and PM, the mitigation costs are assessed as a lien against project reserves. For risks dispositioned as "Mitigate"
Approach Definition
R -Research
Investigate the risk until enough is known to decide what approach to take via RIDM (i.e., mitigate, watch, accept).
W -Watch
Monitor the risks and their attributes for early warning of critical changes in impact, probability, timeframe, or other aspects.
M -Mitigate
Eliminate or reduce the risk by reducing the impact, probability, or shifting the timeframe.
E -Elevate
Transfer the management of a risk to the risk management structure at a higher organizational level.
A -Accept Do nothing. The risk will be handled as a problem if it occurs. No further resources are expended managing the risk.
C -Close
The risk no longer exists, it is no longer cost effective to track as a risk, the risk is superseded or encompassed by other risks, or it has been mitigated.
which have mitigations that include defining/refining the mitigation costs based on trade studies between mitigation strategies, vendors, etc., the initial weighted cost exposure is tracked as a threat against project reserves; when the mitigation costs are defined and accepted by the RMB and PM, the cost is tracked as a lien. For Risks dispositioned as "Accept" or "Elevate," the cost exposure/weighted cost exposure is tracked as a threat or lien as determined by the RMB and PM. All cost threats and liens are recorded in the risk register, tracked by the Business manager, and reported upward and out to STO and ExPO.
Risk Monitoring, Controlling, and Reporting
A key aspect of project risk control is accomplished through the formal monthly RMB reviews, during which relevant data is assessed to determine the effectiveness of mitigation plans and any needed adjustments. When needed, interim RMB meetings are called to deal with time-sensitive issues. Each risk owner is responsible for submitting ranking updates and risk status to the RL prior to RMB reviews. The RMB determines the criteria for top risks (currently a composite risk score of 9 or above). Top risks are assessed at a higher priority, reviewed at each monthly RMB meeting, reported up and out to MSFC management and ExPO, and have risk response planning, which may include both a risk mitigation and risk contingency plan. Contingency plans, once approved and initiated, are added to the project work plan and tracked and reported along with all other project activities. In addition to top risks, submitted draft risks and other risks, as determined by the RL or PM, are reviewed at monthly RMB meetings; the RL reviews all risks monthly to determine if there is reason for RMB review due to changing conditions or assumptions. The RMB reviews all project risks prior to major life cycle reviews (e.g., System Readiness Review, Preliminary Design Review, Critical Design Review, Operational Readiness Review, and Pre-Ship Review).
The current status and trending of top risks is presented at all project reviews, including the IXPE Monthly Management Review (MMR), the Science and Technology Office Monthly Project Review, MSFC Center Management Council Review, and the ExPO Status Review. Cost threats and liens for individual risks and the total project are presented at the MMR and to the ExPO.
CONCLUSION
Currently-Risk management for the IXPE Project Phase B Life-cycle has been described (CRM). Risk roles and responsibilities are defined and well understood by a team with risk management heritage (both the Ball LSE and I2C Payload Manager were former Risk Managers of space payload projects). Appropriate risk processes are in place (identification, assessment, response, monitoring, controlling, and reporting) and the team is fully engaged.
The IXPE Project is implementing a risk management process that includes methodologies for identifying, analyzing, mitigating, monitoring, and tracking risks. These risk management methodologies are focused on providing Project management the visibility needed to be risk aware and actively manage risks in a cost-capped, schedule driven environment.
Future-IXPE's Ball Partner will use Earned Value Management (EVM) beginning with Phase C. The current cost-based risk assessment process used by IXPE fits well with EVM to accurately estimate the cost of remaining work. Combined with actual costs for work performed to date, the estimate to complete will give the project an overall cost Estimate at Completion (EAC) that will fund projections / needs, staffing profiles, etc. The identified risks help quantify future impacts not yet captured in performance. As risk threats are identified, evaluated, statused, and ultimately mitigated when applicable, the EAC will be updated to reflect the projects latest revised estimate. Typically, this occurs on a monthly basis as part of the business rhythm and in accordance with the risk register updates.
APPENDIX A IXPE RISK REGISTER INPUTS
An Excel-based risk management tool is used to document and track Project risks and risk mitigation actions, as well as issues and opportunities. The picture below is a snapshot of the IXPE risk register for active risks (i.e. still being tracked, not closed) which shows the input categories.
APPENDIX B IXPE DRAFT RISK INPUTS
The picture below is a snapshot of a draft risk input form and shows the inputs needed to bring a draft risk before the RMB.
